A dysentery syndrome was recognized among the Institute's calves at 18 to 21 days of age. It was reproduced experimentally in gnotobiotic calves with an atypical Escherichia coli (S102-9) isolated from the affected calves. In both natural and experimental disease the calves passed copious bright red blood in the feces and developed diarrhea. Walls of the colon and rectum were thickened, and the mucosa was reddened and covered by an exudate that contained mucus and blood clots. Bacteria were seen closely adherent to the luminal surfaces of enterocytes, often in cup-shaped depressions or on cytoplasmic pedestals. Microvilli were distorted, disorientated or absent. There was exfoliation of infected enterocytes and a mild acute inflammation of the underlying lamina.
The presence of copious unchanged blood in the feces is an uncommon complication of diarrhea in the unweaned calf although small amounts may occur in Salmonella, Cryptosporidia, and Carnpylobacter sp infections. During a detailed study of the excretion of enteropathogenic viruses by the Institute's calves, and as a result of routine veterinary attention to diarrheic calves, a dysentery syndrome was recognized. Following reproduction of the syndrome in gnotobiotic calves with an atypical strain of Escherichia coli (S102-9),4 retrospective and prospective studies were made. The clinical observations, microbiology, and pathology of calves with dysentery, both naturally occumng and experimentally reproduced, are discussed.
Materials and Methods
Calves with dysentery were derived from a herd of Friesian cows on one farm between autumn 1981 and spring 1983. Three-day-old calves were allocated to an individual pen in a central calf-rearing accommodation that received approximately 400 calves for rearing during the above period. A detailed study of the excretion of enteric viruses was made on 49 calves, chosen randomly from the herd. Each was examined daily from three to 35 days of age and a sample of feces was obtained from the rectum. Cases of dysentery were recognized among the 400 calves.
Four gnotobiotic calves aged five to seven (calves 1 to 4) were used in an experimental investigation of the etiology of dysentery. Calf 1 was inoculated orally between feedings with I g of a mixture of two fecal samples and a pool of intestinal contents (stored at -70°C) from three farm calves with dysentery. The mixture contained coronavirus, rotavirus, calici-like virus, an unidentified 30-nm virus-like particle, Escherichia coli, Campylobacter jejuni, and other bacteria in large numbers. Calf 2 was inoculated orally with a 0.22 pm bacteria-free filtrate of the calf 1 inoculum. Calves 3 and 4 were inoculated orally with a suspension of atypical E. coli (S I02-9), which was suspected to be the cause of the dysentery. This strain was isolated from the colonic mucosa of calf 1, six days after infection; it fermented lactose and had an atypical colony morphology on MacConkey's agar. For inoculation, E. coli (S102-9) was grown on bovine blood agar at 37°C for 18 hours and calves received between 8.0 x lo9 and 1.5 x 10" colony forming units suspended in 5 ml of evaporated milk.
Bacteriological testing of feces was undertaken for salmonellae using Rappaport and selenite brilliant green enrichment broths and sub-inoculation onto brilliant green agar.' Cumpylobacter fetus or C. jejuni were cultured on double strength Skirrow's medium" with 10 pl/ml amphotericin B or on Preston medium2 for two to four days at 37°C in 7% oxygen, 7% carbon dioxide, and 86% nitrogen. Isolates with typical colonial and cellular morphology2,20 were further identified." E. coli were isolated on MacConkey's agar." Ten of the coliform colonies were inoculated onto trace element medium agar, on which the fimbrial adhesin, K99, if present, would be produced and later recognized by rapid slide agglutination with specific antiserum. Atypical E. coli were identified by their characteristic colony morphology on MacConkey's agar,4 biochemical characteristics: and by a slide agglutination test with rabbit antiserum to the atypical E. coli (S102-9). 22 Salmonella spp, Campylobacter spp, and atypical E. coli in intestinal mucosa, intestinal contents, and feces were counted; samples of blood from gnotobiotic calves were taken into nutrient broth prior to necrop~y.~ Feces or intestinal contents were tested for the presence of rotavirus and coronavirus by enzyme linked immunosorbent assays," and for calici-like virus by electron micro~copy.~ Airdried fecal smears were fixed with methanol, stained with Giemsa stain, and examined by oil immersion microscopy for the presence of cryptosporidial oocysts.
Tissues were removed under pentabarbitone sodium anesthesia from the intestinal tract of gnotobiotic calves 1, 3, and 4 and from five farm calves. Lengths of small intestine and colon were tied off and filled with either normal buffered formalin, 0.1 M phosphate buffered 3% glutaraldehyde, or mercuric formol at up to ten small intestinal and one colonic sites6 A lethal dose of anesthetic was given and the ligated lengths of intestine that contained fixative were removed and immersed in fixative. Samples of rumen, reticulum, omasum, abomasum, liver, gall bladder, pancreas, cecum, colon, lung and spleen were fixed in mercuric formol which was replaced with 80% ethanol after 24 hours. Blocks of tissue fixed with formalin and mercuric formol were dehydrated, embedded in paraffin, sectioned transversely at 5 km, and stained with hematoxylin and eosin (HE). After immersion for one hour, a subsample of glutaraldehyde-fixed intestine was transferred to fresh fixative and trimmed to provide blocks which were processed on the following day for examination by transmission electron microscopy.' Pieces of intestine for scanning electron microscopy were stored in the original glutaraldehyde at 4°C until required, washed in 0.1 M phosphate buffer, and post-fixed in 1% Millonig's osmium tetroxide. They were treated with thiocarbohydrazide and osmium,'' dehydrated in a graded series of acetone-water mixtures, critical pointdried using liquid carbon dioxide, coated with a thin layer of platinum, and examined in a scanning electron microscope.
Parafin sections of mercuric formol-fixed tissue were stained by an indirect immunoperoxidase method with primary antisera to bovine rotavirus and bovine coronavirus prepared in calves, l6 and the peroxidase-antiperoxidase method23 with primary antisera to the atypical E. coli (S102-9)," and C. jejuni. Primary antiserum to C. jejuni was prepared against a sonicate of C. jejuni biotype 1, isolated from calf 1, grown on bovine blood agar at 37°C for 48 hours in 5 to 7% oxygen and 8% carbon dioxide in nitrogen and harvested in distilled water. A rabbit was injected intradermally with increasing doses for two weeks followed by an intrader-ma1 dose two weeks later and an intravenous dose four months after the first dose. Serum was collected one week after the last inoculation.
Results
Twelve cases of dysentery were recorded amongst the 400 farm calves; there were eight cases during the first winter and four cases in the second. Eight of the 12 calves with dysentery were male and four were female; 1 1 were purebred Friesian. Dysentery commenced in calves aged eight to 21 days (mean 15 days), with copious bright red blood in the feces. Feces became liquid in all dysenteric calves concurrent with or one to five days before the onset of dysentery. Most calves had no signs of systemic illness when dysentery began. No pyrexia was recorded in eight calves where rectal temperature was monitored, and initially, normal appetite was maintained. Signs of dehydration were noticed later, calves became dull, anorexic, and reluctant to move; in the most severe cases weight loss was pronounced. Persistent grinding of the teeth, abdominal distension with pain on palpation, and a noticeable smell of necrotic tissue were recorded in four calves. One calf died two days after dysentery was first recorded, six recovered between two and twelve days after illness began, and five were killed for necropsy after 1, 2, 3 , 4, or 6 days of illness.
Gnotobiotic calf 1, which had received the inoculum of feces and intestinal contents, was anorexic on days 2 to 4 after inoculation and passed watery feces containing blood on the fourth day when it was examined at necropsy. Gnotobiotic calf 2, which had received the bacteria-free filtrate of the inoculum given to calf 1, passed normal feces until day 4 after inoculation when diarrhea commenced; this lasted until day I I. No blood or mucus was seen in the feces. Gnotobiotic calves 3 and 4, which had received E. coli (S102-9), passed normal feces until four and three days after infection, respectively. Thereafter both passed mucoid and liquid feces which contained many small clots of blood, until necropsy on days 7 and 4 after infection, respectively.
No Sulrnonellu spp or K99+ E. coli were detected in feces or intestinal contents from the 12 farm calves with dysentery nor from calves with diarrhea amongst the 49 which were monitored. Enteropathogenic agents detected in farm calves are summarized in table I; coronavirus was detected in feces of three dysenteric calves and rotavirus in the feces of two. There were no combined viral infections. Of the 49 calves whose feces were monitored daily by enzyme-linked immunosorbent assay, coronavirus and rotavirus were excreted by five (10%) and 40 (82%)) respectively, and 20 of 40 passed abnormal feces. Feces of gnotobiotic calf 1 (dysenteric) contained rotavirus and coronavirus on days 3 and 4, calici-like virus on day 3, lo7 C. jejuni on days 3 and 4, and lo7 atypical E. coli (S102-9) on days 2 to 4 after infection.
The only bacteria to reach numbers greater than 106/g in scrapings of colonic mucosa were atypical E. coli (S102-9) and there were almost three times the number in the mucosa than in the contents. Coronavirus-infected cells were also detected in the colon by immunoperoxidase. Diarrheic feces of gnotobiotic calf 2 (not dysenteric) contained rotavirus, calici-like virus, and an unidentified 30 nm particle. Neither coronavirus nor atypical E. coli (S102-9) was present. Hence the atypical E. cofi (S102-9) alone, or in association with coronavirus appeared to be the cause of dysentery; C. jejuni was not thought to be the likely cause because numbers were low in the colonic mucosa in calf 1. Isolation of E. coli (S 102-9) from feces and tissues of calves 3 and 4 has been r e p~r t e d .~ Lesions were confined to the intestinal tract. The gross lesions of the large intestines of gnotobiotic and farm calves varied. Ceca were normal except in a farm calf where the cecal sac was dark red and intussuscepted into the colon. Colonic lesions varied from mild patchy reddening of the mucosa to severe mucosal reddening with petechial hemorrhages, adherent mucus, and blood clots. Recta were normal or the tops of the longitudinal folds were reddened.
Microscopic lesions, characteristic of a viral enteropathy, were detected in the ileum of four of the five farm calves and gnotobiotic calf 1; stunted and fused villi were covered by cuboidal or flattened enterocytes, some of which had exfoliated. No bacteria were seen on the surface of the villi except in gnotobiotic calf 1 where these were associated with irregularly arranged and exfoliated enterocytes. There was an increase in the number of neutrophils in the lamina propria of the villi of one farm calf and in gnotobiotic calf 1. In all calves cecal lesions were mild; foci of apparently adherent bacteria were associated with clumps of irregularly arranged and exfoliated enterocytes and there was larninal neutrophilia. Neutrophils were seen rarely in crypts, or on the luminal surface. In all calves, lesions were most severe in the colon and rectum where there was congestion of mucosal capillaries with, occasion-ally, petechial hemorrhage onto the luminal surface. Bacteria were apparently adherent to the mucosal surface between the mouths of the crypts and sometimes into crypts for approximately 10% of their length. Adherent bacteria could be seen in sections stained with hematoxylin and eosin but were more clearly visible in sections stained with Giemsa stain or in semi-thin sections of tissue embedded in epoxy resin and stained with toluidine blue. The epithelial surface to which bacteria were adherent comprised irregularly arranged enterocytes-some were degenerate and some apparently were exfoliated ( fig. I ). There was lamina1 edema and neutrophilia ( fig. 2 ) and occasionally crypt lumens contained neutrophils. Neutrophils appeared to have emigrated onto the luminal surface ( fig. 2 ). There was an exudate of mucus, exfoliated enterocytes, and occasional erythrocytes and neutrophils on the mucosal surface ( fig. 2) . Goblet cells at the base of crypts were often depleted of mucus but mucus was prominent in goblet cells in the upper third of the crypts.
Lesions seen by scanning electron microscopy in the colons of farm and gnotobiotic calves were similar. There were many short bacilli on the mucosal surface; their distribution sometimes was restricted to a narrow area of surface between the mouths of crypts (compare figs. 3 , 4) and in other instances the entire surface was covered. Infected and adjacent enterocytes lacked microvilli, or microvilli were abnormally orientated or were shortened or lengthened (figs. 5 , 6). Abnormal enterocytes, apparently exfoliated, were seen on infected surfaces ( fig. 5 ).
Transmission electron microscopy of colons showed that the bacteria were closely associated with the enterocyte cell membrane, that many microvilli were effaced, and those that remained were distorted and disorientated (figs. 7, 8) . At some but not all points of attachment, the enterocyte cytoplasm was cup-shaped or arranged as a "pedestal" (fig. 7) .
Immunoperoxidase staining of histological sections revealed the presence of several enteropathogens (table  11) . Results from gnotobiotic calf 1 confirmed that the inoculum which it received had contained a mixture of enteropathogens. Results from calves 3 and 4, gnotobiotic calves monoinfected with E. coli (S102-9), confirmed that S 102-9 was detectable in sections using the immunoperoxidase method. In three of the five farm calves with dysentery, bacteria were seen on the mucosal surface of the large intestine which immunostained using an antiserum to E. coli (S102-9). In two farm calves with dysentery, there were characteristic lesions, and bacteria apparently adherent to the mucosal surface did not immunostain using antisera to S 102-9.
Discussion
Dysentery, which was first recognized in farm calves, was reproduced in gnotobiotic calves by experimental inoculation of feces from field cases and with an atypical E. coli (S102-9).4 In two of five farm calves, however, bacteria other than E. coli (S102-9) may have caused the disease. This was suggested by failure of antiserum to S102-9 to immunostain the bacteria that were adherent to the large intestinal mucosa in the two calves; this indicated that the bacteria were antigenically distinct from SlO2-9. It is possible, however, that failure to immunostain was an effect of tissue storage since the parafin blocks from these calves had been stored longest.
Enteropathogenic E. coli are strains which cause intestinal disease, do not produce heat labile or heat stable enterotoxins and are not enteroinvasive as judged by the Sereny test." Some enteropathogenic E. coli are more closely attached to the host plasma membrane and more effectively efface the microvilli than adherent enterotoxigenic E. coli, and for this reason they have also been designated as attaching and effacing E. coli.15 Enteropathogenic E. coli, which adhere closely to enterocyte cell membranes and efface microvilli, cause natural diarrheal disease in man" and rabbits,24 and characteristic lesions, together with adherent bacteria, have been reported in calves with naturally occurring diarrhea.14 Identical lesions have been reported in pigs which were experimentally infected with human and rabbit strains." Lesions described in this study of calf dysentery are almost identical to those produced by enteropathogenic E. coli in man, rabbits, and pigs. They have in common close adherence of bacteria to the enterocyte surface and enterocytes with irregular microvillous surfaces, characterized by cytoplasmic "cups," "pedestals," and protrusions. The latter were thought to cause cytoplasmic loss. Microvilli are abnormally shaped or orientated or are absent, and the terminal web is altered or lost. Affected enterocytes exfoliate, and there is an acute inflammatory reaction in the underlying lamina, except in human cases. Infection of calves with E. coli (S102-9) is associated with overt Exfoliating and affected enterocytes lack microvilli (arrows); abnormally long microvilli on adjacent enterocytes.
(arrows), and abnormal microvilli. blood in the feces, whereas dysentery was not seen in rabbits24 and pigs'' infected with E.coli isolated from man and rabbits. Overt fecal blood was not observed in infants' with ileal infections with enteropathogenic strains of E. coli but occurred in adults with hemorrhagic colitis associated with strains of E. coli 0 I57:H7 which were not enterotoxigenic or invasive.'.''.'' The presence or absence of overt blood in feces of farm animals may depend on species. It could relate, as in man, to bacterial strain and site of colonization, so the possibility exists that small intestinal infections and lesions which do not produce dysentery may occur in calves.
The most severe lesions were in the large intestine in man and pigs, although the jejunum and ileum were affected; the most severe lesions in rabbits were in the ileum. Similarly, bacterial colonization was most pronounced in the colon of farm and gnotobiotic calves although the ileum of one farm calf and all gnotobiotic calves was infected. Ileal lesions in the calf cannot be compared with those in other species because they were restricted to calves which were concurrently infected with bovine coronavirus which causes lesions in the ileum and large inte~tine.'~ Identification of bacteriainduced lesions in the large intestines of farm calves was possible, however, by comparison with large intes- tinal lesions in germ free calves monoinfected with E. coli (S 102-9). Bacteria were seen within enterocytes in rabbits24 and pigs," but not in man" nor in this study. Enterocyte invasion may occur in calves and might have been detected if more material had been examined. Infection of non-intestinal tissues, however, was detected i n gnotobiotic calve^.^ T h e results of examining feces for coronavirus and rotavirus by enzyme-linked immunosorbent assay are not in complete agreement with results of immunoperoxidase examinations of intestinal tissue. In three calves, virus-infected cells were detected in tissues i n small numbers when fecal examinations were negative. These results confirmed earlier observations which also suggested that the immunoperoxidase method was more sensitive."
Experimental reproduction of disease i n gnotobiotic calves together with lesions indistinguishable from those seen in farm calves with dysentery indicated that E. coli (S 102-9) is capable of causing natural disease in the calf. T h e similarity of the lesions described in this study to those caused by E. coli in man," rabbits,24 and pigs" suggests that E. coli (S102-9) is comparable to those strains designated as enteropathogenic rather than to those strains designated as enterotoxigenic.
